In this work, a Bi-Te-Ni-Fe complex coating material was obtained on magnesium oxide substrate by a single step ambient pressure chemical vapor deposition (CVD). Nickel acetate, bismuth acetate, iron (III) nitrate, and tellurium (IV) chloride dissolved in N,N-dimethylformamide (DMF) served as the metal sources for Ni, Bi, Fe, and Te, respectively. Hydrogen was used as the carrier gas. The substrate was kept at 500 • C in a quartz tube reaction chamber. The chemical vapor deposition time was two hours. Scanning electron microscopic observation revealed porous morphology of the deposited material with a needle-like submicron fine structure. These needle-like entities form networks with fairly uniform distribution on the substrate. Thermoelectric property test showed that the coating is p-type with a Seebeck coefficient of 179 µV/K. Time-dependent potential data were obtained to show the sensitivity of the Seebeck effect to temperature changes.
Introduction
Chemical vapor deposition (CVD) is a bottom-up approach to make micro or nanoscale materials. It has found applications in processing low dimension thermoelectric materials. There are many types of CVDs including ambient pressure CVD, photo-thermal CVD, metal-organic CVD, plasma enhanced CVD, ion beam CVD, etc. As the simplest form, the ambient pressure deposition has been used to make Bi 2 Se 3 nanowires on graphite papers without using catalysts [1] . The rate of deposition in CVD is typically higher than that in physical vapor deposition (PVD). For example, a high deposition rate was achieved to deposit SrB 6 coating on a sapphire substrate [2] . The obtained SrB 6 coating is n-type. Another feature of CVD is that the structure of a deposited material changes with pre-patterned metal dot catalysts [3] and the CVD conditions. This is shown by depositing nitrogen doped diamond coatings on a graphite substrate followed by a peeling-off step to obtain free-standing films [4] . Methane, nitrogen, and hydrogen were inducted into a microwave plasma chemical vapor deposition reactor. A change in different gas flow rates resulted in a change of morphology of the sample from a dense structure without nitrogen to a needle-like porous structure with high flow rate of nitrogen.
The nitrogen doped carbon film shows n-type behavior.
CVD has been used for depositing various thermoelectric materials. CVD carbon based thermoelectric materials such as carbon nanotubes and wires [5] [6] [7] , diamond and diamond-like carbon films [8] [9] [10] [11] [12] [13] have been extensively studied. Another family of thermoelectric materials made by CVD includes silicon and silicon compound materials, including silicon nanowires [14, 15] , SiC [16, 17] , and silicon-based compounds [18] [19] [20] [21] . Still another category is the pure boron or boron related compounds [22] [23] [24] [25] [26] [27] [28] [29] [30] . CVD was reported for preparing oxide thermoelectric materials [31] , Ge nanocones [32] , and some less common compounds such as Se-C films [33] . Metal-organic chemical vapor deposition (MOCVD) has caught attention and been used for depositing Bi-Te and Sb-Te thermoelectric films [34] [35] [36] . Typically, simple metal alkyl complexes are used as precursors. The pyrolysis of these precursors requires a relatively high temperature leading to the incorporation of impurities such as carbon into the deposited film. In the work performed by Bendt et al. [37] , a thermolabile precursor, (Et 2 Sb) 2 Te, was used. The (Et 2 Sb) 2 Te compound is a stable liquid at room temperature with relatively high volatility. The temperature for depositing Sb 2 Te 3 films in the MOCVD process was as low as 200 • C using such a precursor.
Recently, processing Bi-Te coatings via MOCVD has caught much attention. Kang et al. [38] used a combination of optimized bismuth and tellurium precursors to deposit bismuth telluride thin films on glass. Triethyl bismuth and di-tertiarybutyl tellurium were the precursors. At low temperature of 300 • C with hydrogen as the protective gas, good quality films were obtained. Single crystal Bi-Te nanowires can be grown from Bi-and Te-bearing metalorganic precursors [39] . The high quality nanostructured wires were studied as topological insulators. By using a single precursor during the low pressure chemical vapor deposition process, Benjamin et al. [40] found that the orientation of nanostructured Bi 2 Te 3 topological insulators could be well controlled, leading to the improved thermoelectric efficiency of Bi 2 Te 3 . In view of the precursor design, careful balancing between volatility, thermal stability, and reactivity needs to be achieved [41] . It has been reported that high quality Bi 2 Te 3 topological insulator films grown on GaAs (001) substrates showed high resistivity and high electron mobility, leading to a relatively low Seebeck coefficient [42] . While in the work performed by You et al. [43] , fabricating Bi 2 Te 3 films by a modified MOCVD system was carried out. Enhanced thermoelectric performance was found with the control of grain size.
In order to precisely control the crystallographic plane of the Bi-Te film, Sun et al. [44] prepared Bi 2 Te 3 films with (001) orientation by chemical vapor deposition on pre-synthesized Bi films. The (001) orientation of the Bi 2 Te 3 enhanced the transport of the carrier in the films. Kwon et al. [45, 46] made bismuth telluride-based alloy thin film for building thermoelectric devices. Complex structures of different conduction types of thermoelectric elements were made [45] . Films on surface-treated sapphire substrates showed better quality. The surface treatment included soaking the sapphire substrates in a potassium-containing solution. The potassium-containing solution facilitated the nucleation of Bi-Te films. The grains of the films were epitaxially oriented. But the films grown on the untreated substrates had multi-orientations, resulting in a random-sized and island-like morphology [46] .
The objective of this work was to prepare a Bi-Te-Ni-Fe material on oxide substrate by metal organic chemical vapor deposition (MOCVD). Nickel acetate, bismuth acetate, iron (III) nitrate, and tellurium (IV) chloride dissolved in N,N-dimethylformamide (DMF) were used as the precursors for Ni, Bi, Fe and Te, respectively. Hydrogen was used as the carrier gas. The structure of the deposited coating was analyzed by scanning electron microscopy. The Seebeck coefficient of the coating was measured to determine the thermoelectric response of the coating. Time-dependent potential measurement was also done to demonstrate the sensitivity of the coating to temperature changes.
Materials and Experimental Methods
The chemicals, nickel acetate, bismuth acetate, iron (III) nitrate, tellurium (IV) chloride, and N,N-dimethylformamide (DMF), were purchased from Alfa Aesar (Ward Hill, MA, USA). The precursor solution was made by dissolving nickel acetate, bismuth acetate, iron (III) nitrate, tellurium (IV) chloride into N,N-dimethylformamide (DMF) in a 250 mL bottle. The nominal concentration for nickel acetate was 1.0 M and for iron (III) nitrate 0.5 M. The concentration of bismuth acetate was 0.1 M and for tellurium (IV) chloride, the concentration was 0.05 M. The boiling point of DMF is 196 • C. The solution was kept at 90 • C to facilitate vaporizing of the solvent. Hydrogen gas was inducted into the solution to carry the volatiles into a quartz reaction chamber (marked as part 4 in Figure 1 ) containing a MgO ceramic plate (marked as part 7 in Figure 1 ) as the substrate for film deposition because MgO is fairly stable in hydrogen. Glass was not suitable to be used as the substrate because SiO 2 tends to form volatile gas SiH 4 . The size of the plate is 153 mm in length, 2 mm in thickness and 38 mm in width. Figure 1 shows the configuration of the reactor. Before reaction, the quartz tube was vacuumed to a low pressure of 10 −2 Torr. Then, the hydrogen check valve was opened carefully to sustain a volume flow rate of 5 standard cubic centimeters per minute (sccm). After that, the furnace was heated up at a rate of 5 • C/min. The temperature of the reactor was kept at 500 • C using an MTI GSL-1100X-S50 split furnace (MTI Corp, Richmond, CA, USA) (marked as part 5 in Figure 1 ). The selected temperature of 500 • C was a trade-off between the reaction rate and prevention of Bi evaporation. The total pressure was 1 atm. The precursor was saturated in the hydrogen carrier gas. These conditions were chosen to minimize the cost for fabricating the coating. During the reaction, the exhausting gas was inducted into a container (marked as part 9 in Figure 1 ) filled with icy water, which allows the vapor to condense. The by-products from CVD reactions such as hydrogen chloride and nitrogen oxide were further trapped in another container (marked as part 10 in Figure 1 ) and neutralized by sodium carbonate solution. Finally, the remaining hydrogen gas was burned using a stainless steel torch (marked as part 11 in Figure 1 ). After reaction for 2 h, the deposited specimen was cooled down naturally with the furnace. The thickness of the coating reached about 200 µm.
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To examine the conductive behavior of the coating, a CHI 440C electrochemical workstation (CH Instruments, Inc., Austin, TX, USA) was used operating in the potential scan mode to record the response of generated current (I) vs. the stimulating voltage (V). The Seebeck coefficient of the coating was measured by setting the specimen on a heating platform (heated by a TalBoys heater, Livonia, MI, USA) as shown in Figure 2 . In the figure, "W" represents the working electrode lead. "R" represents the reference electrode lead and "C" represents the counter electrode lead. The cold end and the hot end temperatures of the specimen were measured using an infrared thermometer. The CHI 440C electrochemical workstation was also used to record the open circuit voltage. A temperature sensing test was carried out using the same facility as for the Seebeck coefficient measurement. 
Results and Discussion
The scanning electron microscopic (SEM) analysis results of the microstructure and the composition are presented in Figure 3 . The SEM image for the coating in Figure 3a shows several morphological features including dendrites, pores, and clusters of materials. These features are evidence for a fast growing mechanism of the coating. This also indicates that the MOCVD of the Bi-Te-Ni-Fe coating followed a mass transport controlled mechanism. Figure 3b shows the area mapping results of the energy dispersive X-ray diffraction spectrum (EDS) of the coating. Obviously, the major elements in the coating include Bi, Te, Ni, and Fe as shown. The signals for Mg and O are mainly from the substrate, i.e., the MgO ceramic plate. Carbon signal is from the decomposing residues of the solvent DMF and the acetic functional group in nickel acetate and bismuth acetate. The quantitative results in both mass and atomic percentages are listed in Table 1 . The EDS results in Table 1 show that the atomic ratio of O to Mg is slightly higher than 1. This is due to the tight bonding of C=O in the DMF. Some oxygen may go into the coating as impurity in the adsorption state at the grain boundaries of the coating material. Existing literature shows that Bi-and Te-oxide or nitrate can be fully reduced by 1 atm hydrogen at 400 or 500 • C [47, 48] . NiO or nickel nitrate can also be reduced by hydrogen into metal at 500 • C [49] . Fe can be reduced at a low temperature of 300 • C [50] . Therefore the metal elements are unlikely to be in the oxidized state. Instead, the coating should be in the metallic state. From the data in the first two columns, it is estimated that the relative atomic ratio of Bi to Te is 3:1. This means that the coating is not a stoichiometric compound of Bi 2 Te 3 as made be physical vapor deposition shown in open literature, e.g., in [51] . The reason for this is that tellurium (IV) chloride has lower vapor pressure than that of the organic compound, bismuth acetate. Due to the insufficient supply of Te, the Bi-rich phase was obtained under the high temperature reaction conditions. The advantage is that the resulting phase should be p-type due to the deficiency of Te, as will be confirmed by the Seebeck coefficient measurement. The Seebeck coefficient value for a p-type thermoelectric material should be positive. 
(a) (b) Figure 4a , a backscattering electron composition micrograph, reveals the distribution of the two heavy elements in the coating such as Te and Bi with very bright color while other light elements are shown in black color. To further reveal the distribution of the major elements, separate composition maps were captured. Figure 4b represents the distribution of Bi in green color. It can be seen that the Bi distribution matched the results as shown in the BEC image of Figure 4a . In Figure 4c , the distribution of Te represented by black color is shown. Evidently, the distribution of Te follows the pattern as for that of Bi. In Figure 4d , the Ni distribution in blue color is illustrated. From this map, it is found that Ni is uniformly distributed. We also generated the composition map for iron, a uniform distribution result (not shown here for simplicity) was found as well.
To obtain the composition information of some typical morphological features including dendrites, lumped clusters, and aggregates as illustrated in both Figures 3a and 4a , we did spot analysis on these features. In Figure 5a , three representative locations for the spot analysis are shown as Spot 001, Spot 002, and Spot 003. The qualitative results obtained from the three sites are given in Figure 5b -d, respectively. The composition details in relative mass percentage for each element from the three spots are presented in Table 2 . The spectra in these three sub-figures illustrate the diffraction peaks from three major elements. One is Bi, another is Te, still another is Ni. At Spot 001, the highest peak of Bi is observed because it is the major element. The Ni peak is the second highest one. The Te signal follows them, resulting in the third highest peak. At Spot 002, Ni element shows the highest peak, indicating that the dark shaded region is a Ni-rich phase. At Spot 003, Mg appears as one of the major elements. This indicates that the aggregates with strong electron discharge represent microstructures from the ceramic substrate. The carbon signal comes from both Spots 002 and 003, revealing the carbon residues from the decomposition of the DMF solvent, nickel acetate, and bismuth acetate. While the oxygen signal mainly comes from the ceramic plate, MgO, it is also a residual element from the decomposition of the two metallic acetate salts and DMF. It is believed that the qualitative and quantitative elemental results from EDS spot analysis at 003 location also provide information that the oxidation state of the coating should be prevented because at this location, the atomic ratio of O to Mg is about 1. It should be noted that X-ray diffraction (XRD) is a powerful tool to show the structure of the coating. Comparative studies on this new coating and traditional Bi 2 Te 3 alloy using the XRD technique may be useful to reveal more information. Whether the coating is crystalline or not can also be determined through XRD. We predict that the structure of the two materials should be very similar. However, we did not take the structural studies as our main focus. This paper only shows the applicability of CVD processing in Bi-Te based complex alloys. More in-depth structure assessment work is an important topic for our future studies.
In order to characterize the electrically conductive behavior of the coating material, the CHI 440C electrochemical analyzer was used to generate the current, I, versus voltage, V, data. During the experiment, one end of the coating on the substrate was taken as the working electrode, which was wrapped by a strip of aluminum foil and held with a crocodile clip. The reference electrode lead and the counter electrode lead were connected together. The initial scan potential was 0.0 V. The final potential was 1.0 V, the scan rate was 0.01 V/s, and the temperature was 23 • C. Both scanning potential and corresponding current data were recorded and stored in a laptop computer. The variation of the current response vs. scan potential when the specimen was kept in the dark to level out the contribution of any photon induced current shows a similar trend from the I-V response measurements with the coating exposed to visible light. The results from the tests under ultraviolet (UV) light illumination also similar to those obtained under either visible light illumination or without any light illumination. This indicates that the specimen is not sensitive to visible light or UV light. The resistance estimated using the I-V data is about 28.57 Ω. The resistivity of the coating can be calculated using the formula as shown in [52] 
where R is the resistance of the coating, is the resistivity, and b is the thickness of the coating. The width of the coating is W and the length of the specimen is L. As mentioned earlier in Section 2, the thickness of the coating, b, is around 200 µm. The width of the specimen, W, is the same as the substrate of 38 mm, and the length of the specimen, L, is about 153 mm, the same as the MgO substrate. The resistivity of the coating ( ) calculated using Equation (1) As compared with the published data for bulk Bi 2 Te 3 [53] , the conductivity of the coating from this work is only about one half of that of the existing Bi-Te bulk material. The main reasons for this include the size effect, microstructure effect, and the oxidation state effect. In this work, the thickness of the coating is smaller than that of the bulk material. Structurally, it is in porous or quasi-porous state. In addition, the decomposition of the two acetates and DMF introduces oxygen into the coating even with the hydrogen gas reduction. All these three effects could result in decreasing the conductivity of the coating material. The I-V response results not only provide information on the electrical conductive behavior of the coating, but also reveal that the excitation by photon energy does not change the conductivity of the coating, which validates that the coating has a narrow band structure. Seebeck coefficients of thermoelectric materials can be determined using the derivative of potential vs temperature. In this work, we measured the potential vs temperature difference data. The average values from seven tests for each temperature difference condition are shown in Table 3 . Based on the data in Table 3 , a voltage (V) vs temperature (T) plot was established and shown in Figure 6 . The contribution to the thermoelectric voltage by the aluminum foil and silver-gold alloy plated electrodes, which is at micro volt level, was subtracted from the raw data. Error bars are shown in Figure 6 to reveal the scattering of the data obtained from seven tests for each point. The temperature difference refers to the difference between the hot end and the cold end in the test set-up as illustrated in Figure 2 . The Seebeck coefficient of the coating was obtained from the slope of the V-T curve as 179 µV/K. Since the Seebeck coefficient is positive, it means that the coating material prepared in this work is p-type. The value is slightly higher than that reported in [53] . In [53] , the value of the Seebeck coefficient for the p-type bulk Bi 2 Te 3 alloy is 165 µV/K. The possible reason for the higher Seebeck coefficient value of the coating than that of the bulk material is that the electron mobility in the coating should be lower than that in the bulk material. A higher electrical potential can develop in the coating due to the confinement of the electrons in the dendritic and porous structures. Therefore, the Seebeck coefficient is increased for the coating as prepared in this work. Microstructure especially the porous structure becomes a reason for reducing the mobility of electrons. Therefore, a higher value of Seebeck coefficient could be obtained. Although we have not conducted extensive studies on this issue, it is meaningful to tune the microstructure of the films and correlate it with the Seebeck coefficient of the material as one of the future tasks. Based on the data in Table 3 , a voltage (V) vs temperature (T) plot was established and shown in Figure 6 . The contribution to the thermoelectric voltage by the aluminum foil and silver-gold alloy plated electrodes, which is at micro volt level, was subtracted from the raw data. Error bars are shown in Figure 6 to reveal the scattering of the data obtained from seven tests for each point. The temperature difference refers to the difference between the hot end and the cold end in the test setup as illustrated in Figure 2 . The Seebeck coefficient of the coating was obtained from the slope of the V-T curve as 179 µ V/K. Since the Seebeck coefficient is positive, it means that the coating material prepared in this work is p-type. The value is slightly higher than that reported in [53] . In [53] , the value of the Seebeck coefficient for the p-type bulk Bi2Te3 alloy is 165 µ V/K. The possible reason for the higher Seebeck coefficient value of the coating than that of the bulk material is that the electron mobility in the coating should be lower than that in the bulk material. A higher electrical potential can develop in the coating due to the confinement of the electrons in the dendritic and porous structures. Therefore, the Seebeck coefficient is increased for the coating as prepared in this work. Microstructure especially the porous structure becomes a reason for reducing the mobility of electrons. Therefore, a higher value of Seebeck coefficient could be obtained. Although we have not conducted extensive studies on this issue, it is meaningful to tune the microstructure of the films and correlate it with the Seebeck coefficient of the material as one of the future tasks. It is worth exploring the potential applications of this coating. The possible applications of the coating include thermoelectric energy conversion and temperature sensing. As is known, planar temperature sensors are useful in measuring temperatures of viscous fluids, for example, in polymer processing [54] . The variation of thermoelectric potential versus temperature change was tested using Coatings 2017, 7, 164 9 of 13 the facility as shown in Figure 2b . Two cylindrical steel blocks were used as heat sinks setting on the top of the heater. As the controller gave the signal for heating, the temperature of the hot end of the specimen sandwiched between the two heat sinks increased. The cold end was set at the room temperature of 23 • C. Once the hot end temperature reached a set point, the electricity was cut off and the heat sinks were cooled down. The output data of the electric potential due to the Seebeck effect of the coating at different time frames were recorded by the CHI440C. Then, the data were plotted and shown in Figure 7 . The temperature data sets are also shown in Figure 7 as open circles. Figure 7c . The data presented in Figure 7 provide information on the temperature sensing behavior of the coating. The time dependent behavior shows how fast the response is. In addition, the repeatability and the stability of thermoelectric potential vs time t are represented by this figure. From the three subplots, we can see that the coating can capture the tiny changes of the temperature in the two heat sinks. This shows a relative high sensitivity of the thermoelectric potential of the coating to the temperature variations.
It must be noted that the data presented here just show the thermoelectric responses of the coating. Thermal conductive behavior should be investigated as well. The challenge is that the coating on MgO formed a composite system. How to measure the phonon transfer in the thin film remains an interesting topic for future studies. To measure the thermal conductivity of the thin coating, transient methods such as laser flash testing coupled with atomic force microscopic analysis may work. Computational materials engineering has been found useful for prediction of the Seebeck coefficient. As shown in [55] , the predicted highest absolute value of Seebeck coefficient for the Bi-Te alloy is 300 µV/K. By optimizing the carrier concentration in an n-typed Pb-Te alloy, the Seebeck effect can be enhanced [56] . Both the computation analysis and the carrier concentration optimization will be directions for further improving the thermoelectric property of the coating. Comparing with the prior work especially the nanomaterials as shown in Table 4 , it can be seen that most of the cited studies showed lower S values than the current work with the exception of ref. [57] . It can be concluded that thin film, nanostructured materials are promising in the enhancement of thermoelectricity. Ref. [57] is comparable to this work because Bi nanoparticles were introduced into the Bi 2 Te 3 matrix so that the Bi/Bi 2 Te 3 interface formed in the nanocomposite. This interface showed a potential barrier and resulted in the effect of low-energy electron filtering. Consequently, an enhanced Seebeck coefficient was obtained. The advantage of this work over that introduced by ref. [57] lies in the one step MOCVD, which is much simpler with respect to processing. In [57] , multiple steps were used for making the two components for nanocomposite processing, i.e., mechanical milling for Bi 2 Te 3 preparation and chemical processing of Bi nanoparticles. 
Conclusions
Complex Bi-Te-Ni-Fe coating material has been made by a one-pot precursor approach. The material in coating form can be deposited on a magnesium oxide ceramic substrate by the ambient pressure chemical vapor deposition (CVD) technique. Nickel acetate, bismuth acetate, iron (III) nitrate, and tellurium (IV) chloride were dissolved in N,N-dimethylformamide (DMF) to form precursors of the metal sources for Ni, Bi, Fe, and Te. Hydrogen can be used as carrier gas to prevent deep oxidation of the thermoelectric coating material. At 500 • C, the deposition rate reached about 100 µm/h. The MOCVD is a mass transport limiting process. The microstructure of the deposited coating as revealed by scanning electron microscopic analysis contains needle-like submicron dendrites and aggregated fine particles. The needle-like dendrites form networks with fairly uniform distribution on the substrate. Thermoelectric property tests show that the MOCVD coating is p-type with a Seebeck coefficient of 179 µV/K. This value is higher than those of most existing bulk Bi-Te alloys and comparable to that of the Bi/Bi 2 Te 3 nanocomposite, revealing that the coating material has better thermoelectric energy conversion performance than its bulk counterpart. Time-dependent potential measurements showed accurate changes in the temperature profiles at the surfaces of the heat sinks. It can be concluded that thin film, nanostructured materials are promising for the enhancement of the Seebeck coefficient.
